Figure S1
(A) Input proteins (1%) that were coupled to the HaloLink resin in Figure  3B and 3C were visualized on Coomassie--stained SDS--PAGE gel.
(B--C) Isothermal titration calorimetry (ITC) measurements for the NZF2 domain of TRABID with K29--Ub2 (B) and K33--Ub2 (C).
(D) ITC measurement for NZF3 domain of TRABID with K33--Ub2.
(E) ITC measurement for NZF1 M26A mutant of TRABID with K29--Ub2. The Kd value for each measurement is indicated. (F) Mutating W18 residue of NZF1 does not increase binding to K63--Ub2. Halo--tagged NZF1 wild type or mutants were used in pull--down assay with K29--, K33--, and K63--Ub2.
The captured chains were visualized by silver--staining. 50% of tetraUb input used in the pull down assay was included as control.
(G) Superposition of the distal Ub moieties (yellow) of K29--Ub2--TRABID NZF1 (orange) and Met1--Ub2--HOIL--1L (purple). For clarity, only the NZF1 of TRABID is shown (cyan).
PDB ID: 2WWZ, (Kulathu et al., 2009 ); 3B08, (Sato et al., 2011) . Table S1 . cDNA constructs used in this study, Related to Figure 1 , 3--7, S1, S3, S5--S8. Table S4 . Kd values of TRABID NZF domain binding to polyubiquitin, Related to 
Extended Experimental Procedures
Plasmids and antibodies. All cDNA constructs for bacterial, insect, and mammalian expression system were generated by the DNA cloning team,
Division of Signal transduction Therapy, Medical Research Council Protein
Phosphorylation and Ubiquitylation Unit, University of Dundee, United Kingdom (Table  S1 ). Recombinant proteins and plasmids generated for the present study are available on our reagents website (https://mrcppureagents.dundee.ac.uk/).
Anti--ubiquitin to detect in vitro ubiquitylation and polyUb chains from cells were purchased from SIGMA (U5379) and DAKO (Z0458), respectively. Anti--Flag was from SIGMA (F3165) and anti--HA was from Cell Signaling Technology (#3724).
Protein expression and purification. For bacterial expression, recombinant
GST--fusion proteins were expressed in BL21 ( Purification of polyubiquitin chains. Following large--scale assembly of K29-linked polyUb chain, enzymes used in the reaction were precipitated by diluting the Ub chains in a total volume of 50 ml of 50 mM sodium acetate (pH 4.5). After at least 3 h incubation at 4 °C, the solution was passed through a 0.22--µM syringe filter and the K29--linked diUb, triUb, tetraUb, and pentaUb were purified by cation exchange using a Resource S 6 ml column (GE Healthcare), equilibrated in 50 mM sodium acetate (pH 4.5), and eluted in a gradient with elution buffer (50 mM sodium acetate (pH 4.5), 1 M NaCl). For crystallization, peak fractions containing K29--linked diUb were concentrated to 12 mg/ml.
Analysis of polyubiquitin linkages by parallel Reaction Monitoring (pRM) using LC--MS--MS. PolyUb chains that had been previously digested with trypsin
were analyzed on an LTQ--Velos mass spectrometer (Thermo) fitted with a Dionex RSLC HPLC system and an Easy--Spray Source (Thermo). Standard diUb chains were purchased from Boston Biochemicals and a synthetic peptide AK(GG)IQDK representing the tryptic Ub K29 linkage was purchased from Pepceuticals (Nottingham, UK). Digests (prepared in 0.1% TFA/water) were loaded onto a 20 x 0.1 mm nanotrap column (Thermo) equilibrated in 0.1% TFA/water (10 µl/min), washed with 10 µl of the same buffer, and then separated on a 150 x 0.075 mm PepMap C18, 3 µm Easy--Spray column (Thermo) equilibrated with 2% acetonitrile/ 0.1% formic acid/ water at 300 nl/min. It was critical that the samples were loaded and washed in TFA buffers, as the trap column in the presence of formic acid did not retain the tryptic peptide containing the K29 linkage. Peptides were separated at the same flow rate using a discontinuous gradient of buffer B (80% acetonitrile/ 0.1% formic acid/ water) as follows: 0--14 min = 1--30% B, 14--15 min = 30--80% B, 15--20 min = 80% B. LC--MS data was acquired in Data Independent mode with 1 full scan (m/z 350--1800) followed by 8 product ion scans as described below. The voltage applied to the Easy--Spray column was 1.9 kV, the isolation width was set to 1 Da, normalised collision energy was 35 and the activation time was 10 ms. Xcalibur software (Thermo) was used to process the data, with the ion current for the daughter ions being summed for each precursor mass analyzed ( Table S2 ). The resultant summed intensities provide the y--axis values for Figure S1D and Figure S7C . This was a much cleaner and selective analysis method rather than using the extracted ion current for the precursor mass for each ubiquitin chain peptide.
Crystallization and structure determination. Purified K29--linked diUb chains were crystallized at 12 mg/ml in mother liquor containing 100 mM Bis--Tris propane (pH 6.5), 200 mM sodium iodide, 20% PEG3350, 5% ethylene glycol and 5 mM sodium malonate at 20 °C. Further, seeding technique was used to obtain diffraction quality crystals. The single crystals obtained were cryo--protected in mother liquor containing 20% glycerol and 20% PEG400 before freezing in liquid nitrogen.
For crystallization of the complex, TRABID NZF1 and K29 diUb were mixed together in molar ratio of 1:1 and incubated for 3 hours at 4 °C before concentration using Millipore concentrator (MW cut off 3kDa). Crystallization screening was set up using protein complex concentrated to 18 mg/ml and crystallization trays incubated at 12 °C. The complex crystallized in mother liquor containing 100 mM MES (pH 6.5), 200 mM potassium iodide, and 25%
PEG4000. The crystals grew to maximum size in one week and were cryo-protected in 100 mM MES (pH 6.5), 10% PEG20000, and 35% PEG400 before vitrification in liquid nitrogen.
Diffraction data for K29 diUb and the NZF1--K29 diUb complex were collected at ESRF beam line ID23--1 and Diamond beam line I04, respectively. All data were processed using XDS (Kabsch, 2010) and scaled using SCALA (Evans, 2006) . The structures were solved by molecular replacement using the structures of ubiquitin (1UBQ (Vijay --Kumar et al., 1987) ) and the NZF domain of TAB2 (2WWZ (Kulathu et al., 2009 )) as search models in Phaser (McCoy et al., 2005) .
Iterative rounds of refinement was done using Phenix (Adams et al., 2002) and
REFMAC (Murshudov et al., 1997) with model building in Coot (Emsley and Cowtan, 2004) . Simulated annealing and rigid body refinement was used in the initial stages to remove model bias. Final re--refinement for K29 diUb was done using PDB_REDO (Joosten et al., 2014) . Both structures were refined to the final statistics as shown in Table 1 . Assembly and purification of tetraubiquitin chains. K6--linked chains were enzymatically assembled using wild type Ub, UBE2L3 and NleL as described before (Hospenthal et al., 2013) . K11--linked tetraUb was purified from ubiquitylation products generated by UBE2S (1--192) and contaminating K63 chains were removed by incubation with AMSH (Bremm et al., 2010) . K48-- and K63--linked polyUb chains were assembled as described using UBE2R1 and UBE2N/UBE2V1 respectively (Kulathu et al., 2009) , while HOIP was used for assembly for M1--linked chains (Stieglitz et al., 2012) . K33--linked polyUb chains were assembled as described (Kristariyanto, et al., manuscript submitted) . K29-linked polyUb chains were assembled as described above. For each linkage type, polyUb of defined lengths were separated by cation exchange chromatography and the fractions containing tetraUb were concentrated and dialyzed into 50mM
Isothermal Titration
Tris, pH7.5 buffer.
Cell culture, transfection, and cell lysis. HEK293 cells were maintained in DMEM supplemented with 10% (v/v) FBS, 2 mM L--glutamine and antibiotics (100 units/ml penicillin, 0.1 mg/ml streptomycin) and were cultured at 37 °C in a 10% CO2 humidified atmosphere. All 3xFlag--tagged proteins in mammalian expressing vector (Table S1 ) were introduced to HEK293 cells using polyethylenimine (PEI) (Bioscience). Once the cells were confluent, they were harvested in PBS, pelleted, snap frozen, and stored at --80 °C. The cells pellet was thawed and incubated in Lysis Buffer (20 mM HEPES (pH 7.5), 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 1 mM sodium ortho-vanadate, 1 mM NaF, 0.1% NP--40, 1 mM ABSF, 25 mM iodoacetamide, 0.02% benzonase (SIGMA), protease inhibitor cocktail) for 30 min at 4 °C in the dark.
Cells were lysed by two times freeze--and--thawing cycle and a final concentration of 150 mM NaCl and 5% glycerol was added. Cell lysates were clarified by centrifugation at 14000 x g for 20 min at 4 °C, supernatants were collected and protein concentrations were determined by the Bradford procedure.
Pull--down assays and deubiquitinase treatments. To isolate transiently expressed Flag--tagged proteins and the interacting polyUb chains from HEK293 cells, 1 mg of the transfected cell lysates was incubated with 10 µl of Flag--M2 resin (SIGMA) for 2 h at 4 °C. To isolate polyUb chains from HEK293 cells using bacterially expressed Halo--tagged UBDs, 1 mg of the cell lysates was incubated with 10 µl Halo--UBD resins for 2 h at 4 °C. The polyUb chains captured by 3xFlag-and Halo--tagged proteins were washed three times with Lysis Buffer containing 150 mM NaCl, and once with DUB buffer (50 mM Tris--HCl (pH 7.5), 150 mM NaCl, and 5 mM DTT). Following the last wash, the beads were resuspended in 2x resin volume of 2 µM vOTU for 1 h at 30 °C. When subsequent DUB assays were carried out after the first incubation with vOTU, the beads were first washed twice with DUB buffer and then incubated with 5 µM DUBs (OTULIN, Cezanne, TRABID, OTUB1, AMSH, OTUB2, vOTU, and USP2) in 2x resin volume for 1 h at 30 °C. Reaction was quenched by adding reducing LDS buffer (Invitrogen), and the polyUb chains were analyzed in by immunoblotting against anti--Ub (DAKO) or anti--K48 Ub linkage (CST). The immunoprecipitated Flag--tagged proteins were visualized by anti--FLAG (SIGMA).
For the tetraUb pull--down assays, 10 µl of the Halo--UBDs resins were incubated with 1 µg tetraUb chains of of the indicated linkages (M1, K6, K11, K29, K33, K48, and K63 tetraUb) in 500 µl pull--down buffer (50 mMTris--HCl (pH 7.5), 150 mM NaCl, 0.1% NP--40, 5 mM DTT, 0.5 mg/ml BSA) for 2 h at 4 °C. Beads were washed three times in Wash Buffer (50 mM Tris--HCl (pH 7.5), 250 mM NaCl, 0.2% NP--40, and 5 mM DTT). Captured tetraUb chains were separated on 4--12% SDS--PAGE gel and visualized using silver--staining kit (Thermo Scientific).
